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“We find that, whereas Xe

atoms become only singly

ionized by the absorption of

single photons, absorption in

clusters is strongly enhanced.

On average, each atom in

large clusters absorbs up to

400 eV, corresponding to 30

photons.”

Nature 420, 482 (2002).
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1 – Why is the experimental result surprising?

• pulse parameters: h̄ω = 12.7 eV, τ = 100 fs, I = 7 × 1013 W/cm2

• the ponderomotive potential

Up = 2παI/ω2

is only of the order of 10 meV

⇒ small in comparison to Up ≈ 1 keV in intense near-infrared laser fields

• the atomic unit of intensity is about 1016 W/cm2

⇒ cluster–laser interaction is still in the perturbative regime

• in classical simulations, Wabnitz et al. found that each atom absorbs only

about one photon (not 30 photons, as observed experimentally)
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2 – Proposed mechanism

• at 1013 W/cm2, all xenon atoms in a cluster are singly ionized within 10 fs

• the quasi-free electrons form a relatively cold nanoplasma

• some of the electrons evaporate from the surface of the cluster; the majority

remains inside

• multiple electron–electron and electron–ion collisions can occur

– thermal equilibrium of electron gas is maintained at all times during the laser

pulse

– heating via inverse bremsstrahlung
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• both absorption and emission processes can take place

• in thermal equilibrium, there are more cold than warm electrons

• this leads to effective heating ⇒ inverse bremsstrahlung

September 1, 2004 Workshop on Time Domain Science Using X-ray Techniques



NIST-CU

University of Colorado 8

3 – Our treatment of inverse bremsstrahlung

• second-order perturbation theory: first order in electron–ion and

electron–photon coupling, respectively; classical limit h̄ → 0 is avoided

• thermodynamic limit; atomic density of liquid xenon is assumed; the heating

rate is proportional to the atomic density

• we use ionic potential of the form

Vi(r) = −
1

r
{i + [Z − i] exp (−αir)} exp (−r/λD)

i: ionic charge state; Z : nuclear charge

λD =

√

T

4πn

T : temperature in units of energy; n: plasma-electron density
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4 – Coupled rate equations

ṅ0(t) = −σ1(t)jph(t)n0(t)

ṅ1(t) = σ1(t)jph(t)n0(t) − σ2(t)jph(t)n1(t)
...

ni(t): probability of finding Xei+ in the cluster; σi+1(t): photoionization cross

section of Xei+; jph(t): photon flux

Ėkin(t) =
3

2
q(t)Ṫ (t) +

∑

i

εi(t)σi(t)jph(t)ni−1(t)

Ekin(t) =
3

2
q(t)T (t)

q(t): average number of plasma electrons per atom; εi(t): kinetic energy of

photoelectron leaving Xei+ behind
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5 – Thermalization model

8
∑

i=0

ni(t → ∞)I
(N−i)
0 +

3

2
q(t → ∞)T (t → ∞) = Etot

=
8
∑

i=0

gi

exp {−I
(N−i)
0 /Teq}

Zeq

I
(N−i)
0 +

3

2
qeqTeq

(

+
3

2
Teq

)

gi: statistical weight of Xei+; Zeq: canonical partition function

ionization potentials I
(N−i)
0 of atomic xenon, in eV

i 1 2 3 4 5 6 7 8

ab initio 11.7 31.7 60.7 103 156 220 310 414

experiment 12.1 33.1 66.2 108
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